The present work focuses on the investigation of denitrifying phosphorus removal organisms (DPB) in a novel two-sludge denitrifying phosphorus removal process by combining chemical with microbial analysis. When the two-sludge process operated stably over one year, good phosphorus (P) release and P uptake performance of activated sludge samples collected from this process were present in anaerobic and anoxic conditions, respectively, via batch test, showing that the ratio of P release specific rate to P uptake specific rate was 1.31. The analysis of energy dispersive spectrometry (EDS) showed that P content of activated sludge samples collected at the end of anoxic phase was 12.3% of dry weight, further demonstrating the existence of microorganisms responsible for phosphorus removal in this two-sludge process. From polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE) analysis, the presence of microorganisms mostly belonging to the phyla Firmicutes and Proteobacteria was observed, previously evidenced in the phosphorus removal wastewater treatment process. Fluorescence in situ hybridization (FISH) quantitative analysis showed that Accumulibacter responsible for phosphorus removal was dominant in this two-sludge process, accounting for 69.7% of all bacteria in activated sludge. These results obtained from chemical and microbial analysis in this study suggested that denitrifying phosphorus removal microorganisms were completely enriched in the two-sludge process proposed here.
Introduction
Phosphorus (P) is one of the nutrients that can cause eutrophication of lakes, inland seas, and other natural waters, which threaten the safety of drinking water systems and ecological risk. Removal of P from wastewater is therefore important for preventing eutrophication. Nowadays, enhanced biological phosphorus removal (EBPR) has been broadly applied in wastewater containing phosphorus (P) treatment because of its lower cost and more environmental friendly technology compared to chemical precipitation or adsorption [1] . Different from chemical or physical treatment methods, EBPR, like other biological wastewater treatment systems, depends on the metabolism of microbial communities to remove P, possibly removing simultaneously organic or inorganic pollutants. Although EBPR system is an economic and environmental friendly technology for meeting the low P concentration in effluent, this process is difficult to control and is not always stable in the performance of P removal [2] , probably due to a lack of understanding of microbiology in EBPR. So, a better understanding of microbial communities in this system can give an important guidance for stable operation as well as reconstruction [3, 4] . Many molecular techniques used for microbial community analysis have been rapidly developed during the past decade, such as polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE) [5, 6] and fluorescence in situ hybridization (FISH) [7, 8] . Compared with traditional microbial identification technology (culture-dependent and isolation), these methods 2 Journal of Chemistry can detect various microorganisms including both cultured bacteria and uncultured bacteria [9] .
Although PCR-DGGE can directly analyze the microbial community and diversity of a given system based on 16S rDNA fragments without the need to culture or isolate individual species, it is not quantitative [10] . In contrast, FISH can visualize the particular microbial group in a given system with a fluorescently labeled oligonucleotide probe and generally quantify them according to the fluorescence intensities [11] . A combination of PCR-DGGE with FISH technique has been successfully applied to identify the most probable dominant microorganisms and quantify them in a mixture as well as various wastewater treatment processes. Ziembinska et al. [12] characterized the ammonia-oxidizing bacterial community structure in a membrane bioreactor by using PCR-DGGE and FISH, and similar research was reported by Moura et al. [13] .
The main objectives of current work are to characterize the denitrifying phosphorus removal bacteria (DPB) in a novel two-sludge denitrifying phosphorus removal process, stably running over one year (detailed later) by using chemical and microbial analysis. The P release and uptake capacities of DPB under anaerobic and anoxic conditions were conducted via batch tests. Microbial community structure in the anoxic tank within this process was analyzed by PCR-DGGE and the target microorganism was detected and qualified through FISH. Experimental results obtained here would assist in understanding of microbial characteristics in relation to denitrifying P removal in an EBPR system, in optimization of process parameters and also in stable operation of process.
Materials and Methods

Two-Sludge Process Characteristics and Activated Sludge
Samples. A lab-scale two-sludge denitrifying phosphorus removal and induced crystallization process (hereafter referred to as two-sludge process; see Figure 1 ) investigated in this study was established in 2010 and has been stably running over one year. Compared with the conventional wastewater treatment processes, such as sequencing batch reactor (SBR) and anaerobic-anoxic-oxic (A 2 O) process, the two-sludge process studied here has a great advantage to separate the two parts of activated sludge: nitrification and denitrifying P removal. This process successfully solves the contradiction of sludge retention time (SRT) between nitrifying bacteria and denitrifying P removal bacteria, which has been applied for a parent (no. 201110431802.4) in China. During the two-sludge process, P is released anaerobically through the hydrolysis of polyphosphorus accumulated within intracellular bacteria, accompanied by the volatile fatty acids (VFA) stored mostly as poly--hydroxybutyrate (PHB) and the degradation of glycogen. And then, a higher amount of P, in excess of normal metabolic requirements of DPB, is taken up when nitrate is supplied instead of oxygen, which is combined with the growth of biomass and the regeneration of glycogen. Moreover, parts of phosphorus in wastewater can be recovered by means of induced crystallization, which is significantly advantageous to conventional phosphorus removal process, as evidenced in our previous study [14] . Activated sludge samples for chemical and microbial analyze were taken from the anoxic tank proposed in this study.
Batch Tests.
In order to assess the P release and uptake capacities of activated sludge from anoxic tank studied here, a batch test was adopted under the anaerobic-anoxic condition. For the batch test, 0.5 L of activated sludge was taken from anoxic tank and immediately washed twice with the nutrient solution (see Table 1 ) not containing the basic medium. The treated activated sludge was filled into one 1 L test device (transformed triangular flask). Before the anaerobic phase, 0.5 L of synthetic wastewater was added to achieve an initial concentration of 350 mg COD/L, 20 mg PO 4 3− -P/L. After a 2 h anaerobic period, nitrogen gas was supplied in the anoxic condition, with the addition of 45 mg NO 3 − -N/L as well. During this process, the pH was maintained at 7.0 ± 0.2, with the addition of 0.5 mol/L HCl or 0.5 mol/L NaOH when above or below this setpoint. The device was operated at room temperature (20 ± 0.5 ∘ C).
DNA Extraction, PCR Amplification, and DGGE.
In order to analyze the microbial community, sludge sample from anoxic tank proposed here was subjected to DGGE analysis according to the following rules.
DNA Extraction. Total community DNA was extracted from 300 mg of sludge using FastDNA SPIN Kit for soil (MP-Bio, USA) following the manufacturer's recommendations, and the extracted DNA was stored at −20 ∘ C.
PCR Amplification. Around 10 ng of DNA was used as a template and the variable V3 region of its 16S rDNA was amplified by PCR using universal primers, both 341F (5 -CCTACGGGAGGCAGCAG-3 ) and 534R (5 -ATTACCGCGGCTGCTGG-3 ), targeted to conserved regions of its 16S rRNA genes. The PCR amplification was performed in a PCR thermal cycler dice (Takara, Japan) according to the reported method [15] .
DGGE. The Dcode system (Bio-Rad, USA) was used for DGGE following the protocol of analysis as previously Notes: PAO651, PAO462, and PAO846 were applied together (PAOmix comprising equal amounts of those three probes) to target the Accumulibacter, a known phosphorus removal microorganism.
reported [15] . Individual 16S rRNA bands from DGGE gels were excised using sterile tips, eluted in 50 uL of sterile deionized water, and stored overnight at 4 ∘ C. The same PCR process as mentioned above was conducted for DNA reamplification. DNA sequencing analysis was performed by the Sangon Biotech Co., Ltd., Shanghai, China. These sequencing results were compared with the reference sequences in the BLAST program, the National Center for Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.gov/) database.
Phylogenetic tree of 16S rDNA excised from DGGE was carried out with MEGA version 5.0 employing 1000 bootstrap resamplings.
FISH Analysis.
In order to investigate the abundance of DPB in activated sludge from the two-sludge process studied here, FISH was performed according to the protocol.
Samples Fixation. Fixed sludge samples with a 4% paraformaldehyde as mentioned above were centrifuged (5000 ×g RCF for 5 min), washed twice in 0.01 M PBS, and then resuspended in a PBS-ethanol solution (1 : 1, vol/vol), being stored at −20 ∘ C.
Fixed Samples Dehydration. Before dehydration, the fixed sludge samples were firstly homogenized using a homogenizer for 3 times at 30 s each time. Homogenized samples were spotted onto slides treated in 3-aminopropyltriethoxysilane (APES): acetone (1 : 50, vol/vol) and then dried for 30 min at 40 ∘ C. Dried slides containing sludge samples were dehydrated for 3 min in 50%, 80%, and 100% (vol/vol) ethanol, allowed to air-dry, and then stored in a desiccator prior to hybridization within FISH experiments.
Hybridization. Hybridization of the treated sludge samples was performed for 2.5 h at 46 ∘ C in a 1 uL probe (50 ng/uL; see Table 2 ) and a 9 uL hybridization buffer solution (pH 7.2) including 0.9 M NaCl, 20 mM Tris-HCl, 0.01% sodium dodecyl sulfate (SDS), and 35% formamide for PAOmix.
Washing Samples. When fluorescent in situ hybridization for sludge samples was completed, a stringent washing step was performed for 4 times at 5 min each time in a washing buffer solution (48 ∘ C, pH 7.2) including 20 mM Tris-HCl, 5 mM EDTA, 0.01% SDS, and 50 mM NaCl. And then these slides which attached sludge samples were washed by double distilled water, immediately dried at 30 ∘ C for 2 h, and then were observed with a fluorescence microscope.
DAPI (4 ,6-diamidino-2-phenylindole) staining was performed for targeting the entire bacteria [16] . FISH images were obtained with the BioImaging Navigator fluorescence microscope (Olympus FSX100, Tokyo, Japan) using a software of Olympus FSX-BSW. Quantification of the PAO community relative to the entire bacterial populations was determined by FISH image analysis with the Image-Pro Plus software (version 6.0, USA), following the methodology reported by Wang et al. [17] .
Results and Discussion
During the operation of the two-sludge process proposed here, the characteristics of feed were as follows: the COD concentration range of 152∼237 mg/L, NH 
Performance of Phosphorus Release and Uptake.
In order to investigate in more detail the capacities of P release and uptake in anaerobic and anoxic phase, respectively, a batch test was adopted to calculate the specific P release and uptake according to the mean, as described in Section 2.2. Based on the characteristics of phosphorus removal microorganisms, moreover, the P content of activated sludge in both anaerobic and anoxic conditions was investigated by using energy Figure 3 : Analytical X-ray spectrum of anaerobic sludge and anoxic sludge in two-sludge DPB process, where the spectrum was given with energies of these X-rays (KeV) as abscissa and specific counts of each specific energy as vertical coordinates (KCnt).
dispersive spectrometry (EDS), where, to the best of our knowledge, EDS was the first to be applied in exploring the elements content of activated sludge. Figure 2 shows variations of PO 4 3− -P and NO 3 − -N concentration in the device as well as its specific P release and uptake during the whole batch test. A good performance of P release and uptake was observed in anaerobic and anoxic phase when the initial PO 4 3− -P concentration was 20 mg/L in the influent. At the anaerobic phase, a P release rate of 19.09 mg P/g MLSS was obtained through the hydrolysis of polyphosphate. After anaerobic phosphorus release, the sludge exhibited rapidly anoxic P uptake performance with the rate of 25.01 mg P/g MLSS. The ratio between anaerobic P release and anoxic P uptake was 1.31, indicating that DPB responsible for P removal has been greatly enriched in the two-sludge process and the sludge from anoxic tank presented a good P removal capacity. Moreover, a good removal performance of NO 3 − -N was found in anoxic phase, which also demonstrated that simultaneous denitrifying nitrogen and phosphorus removal occurred in this twosludge system.
There was a significant difference in the P content of activated sludge between anaerobic and anoxic conditions in the two-sludge process proposed here (see Figure 3) . The excited atoms counts of P element in the anaerobic sludge were 0.55 k, while they were 1.18 k in the anoxic sludge, suggesting that the difference of P content in sludge between anaerobic phase and anoxic phase should be due to the different performances of DPB in different conditions, including that P was released anaerobically and taken up anoxically. The P content of excess sludge in this study, namely, anoxic sludge, was 12.3% of dry weight significantly higher than that in traditional biological phosphorus removal process (3%) [18] , which agrees well with the results of chemical analysis, further demonstrating the existence of phosphorus removal microorganisms in this two-sludge process studied here.
PCR-DGGE Analysis of Activated Sludge Sample.
The microbial community composition of activated sludge sample from the anoxic tank in the two-sludge process proposed in this study was investigated through PCR-DGGE analysis and phylogenetic affiliation based on the PCR-amplified genes coding for 16S rDNA was also analyzed here. The result of the DGGE separation is shown in Figure 4 . DNA bands marked on the fingerprints, numbered Band 1, Band 2, Band 3, Band 4 and Band 5, were excised from the gel and their respective fragments were cloned and then sequenced.
Blast sequence results are shown in Table 3 and further phylogenetic analysis is presented in Figure 5 . From Figure 4 , there existed many visible or obscure bands indicating complexity and diversity of microbial ecosystems in the activated sludge samples investigated here. Five sequenced bands were similar to microorganisms previously found in activated sludge samples, as shown in Table 3 .
It was found that bands from 1 to 5 corresponded to related sequences of five different microbial species, where Band 4 had the highest identity (100%) with its related sequence (Clostridium sp. belonging to the Clostridia subclass of phylum Firmicutes) compared with four other bands, which were generally consistent with the results reported by others [19, 20] , giving that some of the organisms in Firmicutes are capable of accumulation of PHB into the cells and are involved in the phosphorus removal process. However, Band 2 and Band 3 were found to belong to the beta subclass of Proteobacteria and Band 1 and Band 5 belong to the alpha and delta subclass of Proteobacteria, respectively, as shown in Figure 5 and Table 3 . In many literatures, polyphosphate accumulating organisms, namely, Accumulibacter, have been demonstrated to belong mostly to Proteobacteria [21, 22] , mostly in which Rhodocyclus sp. is known to be an important group responsible for phosphorus removal from wastewater [23] [24] [25] , related to Band 3 in this study.
In Situ Hybridization for DPB.
Although, based on the results of PCR-DGGE and DNA sequencing, it was found that Accumulibacter belonging to the phyla Firmicutes and Proteobacteria was present in the anoxic tank proposed in this study, as shown in Figure 5 and Table 3 , DGGE fingerprints obtained from gel did not provide any information on the extent of its predominance in the microbial community [26] . For this, FISH analysis was adopted to monitor the Accumulibacter responsible for phosphorus removal in activated sludge samples studied here, enabling the identification and detection of the specific strains in the microbial community via in situ hybridization with 16S rRNA-targeted oligonucleotide probes.
FISH analysis showed that Accumulibacter occupies a considerable proportion of the activated sludge samples from anoxic tank proposed here (see Figure 6 ), presenting 69.7% of all bacteria by analyzing the fluorescence intensity involved in image, suggesting that Accumulibacter may play a major role in this process studied here. Moreover, Accumulibacter in situ hybridization with PAOmix probes (pink) formed clusters. Similarly, these results were also found in other EBPR systems [24, 27] , suggesting that Accumulibacter can be considerably enriched in most phosphorus removal processes when providing advantageous conditions.
Conclusions
The results of this study, through chemical analysis and microbial analysis, show that denitrifying phosphorus removal organisms (DPB) have been greatly accumulated in the novel two-sludge denitrifying phosphorus removal process over one year of stable operation. It was found that good performance of P release in anaerobic and P uptake in anoxic was present via batch test and their specific rates were 19.09 mg P/g MLSS and 25.01 mg P/g MLSS, respectively, implying the efficient phosphorus removal during denitrification. The P content of activated sludge in anoxic significantly higher than in anaerobic analyzed by using energy dispersive spectrometry (EDS) also demonstrated the existence of microbes responsible for phosphorus removal in this two-sludge process.
DGGE of PCR-amplified 16S rDNA fragments showed the complexity and diversity in microbial community and the determination of phylogenetic affiliation demonstrated that DPB enriched in this two-sludge process mostly belong to phyla Firmicutes and Proteobacteria. FISH analysis indicated that Accumulibacter responsible for phosphorus removal occupied a considerable proportion in the activated sludge from anoxic tank, accounting for 69.7% of all bacteria in sludge samples. Based on the chemical and microbial analysis performed here, the novel two-sludge denitrifying phosphorus removal process may be effective in treatment of wastewater containing carbon, nitrogen, and phosphorus, especially for low C/N ratio wastewater.
